Abstract. The differential diagnosis of dengue virus (DENV) and yellow fever virus (YFV) infections in endemic areas is complicated by nonspecific early clinical manifestations. In this study, we describe an internally controlled, multiplex realtime reverse transcription polymerase chain reaction (rRT-PCR) for the detection of DENV and YFV. The DENV-YFV assay demonstrated specific detection and had a dynamic range of 2.0-8.0 log 10 copies/μL of eluate for each DENV serotype and YFV. Clinical performance was similar to a published pan-DENV assay: 48/48 acute-phase samples from dengue cases were detected in both assays. For YFV detection, mock samples were prepared with nine geographically diverse YFV isolates over a range of concentrations. The DENV-YFV assay detected 62/65 replicates, whereas 54/65 were detected using a reference YFV rRT-PCR. Given the reemergence of DENV and YFV in areas around the world, the DENV-YFV assay should be a useful tool to narrow the differential diagnosis and provide early case detection.
Yellow fever (YF) is a zoonotic flaviviral disease caused by YF virus (YFV) and is endemic and/or epidemic in regions of South America and Africa. 1 In South America, six countries reported suspected and confirmed YF cases in 2017, and in Brazil, an outbreak that was originally detected in December 2016 resulted in 3,240 reported cases, of which 792 (24.4%) were confirmed. 2 In Africa, an outbreak occurred in Angola in 2016-2017 resulting to 3,818 suspected cases, of which 879 were confirmed (23%), before spreading to the Democratic Republic of the Congo and to Uganda. 3 YF may present with signs and symptoms that are similar to dengue, which is caused by four related serotypes of dengue virus (DENV-1-4), a related flavivirus endemic to all regions with YFV transmission. 4, 5 An outbreak of YF may go undetected if cases are initially attributed to DENV, or another cause of similar symptoms, and specific YFV testing is not performed. Reported cases will then underestimate the true number of YFV infections. 1 The laboratory diagnosis of YFV and DENV infections is typically accomplished using serological and/or molecular methods. [6] [7] [8] Serological testing for these infections has well-documented limitations: antiviral immunoglobulin M may not be detectable early in the course of infection, a rise in immunoglobulin G between acute and convalescent samples can only provide a retrospective diagnosis, and antiflavivirus antibodies may cross-react with one another. 7, 8 Molecular assays have been developed for YFV that can provide accurate detection within the first 5-7 days since symptom onset, and testing other specimen types may prolong YFV detection. 4, 6, 7, [9] [10] [11] The use of molecular testing and assay performance characteristics for DENV detection are well established. 8, 12 Previously, our group developed a pan-DENV real-time reverse transcription polymerase chain reaction (PCR) (rRT-PCR) for use in monoplex or for inclusion in multiplex assays targeting other pathogens. [12] [13] [14] This assay has proven more sensitive than other molecular comparators for DENV; however, it uses probes modified with proprietary technology, which increases cost and may limit availability. 12 The goal of the present study was to develop an internally controlled rRT-PCR for DENV and YFV. In addition, we sought to 1) redesign the pan-DENV assay for use with fewer primers and a single, unmodified hydrolysis probe and 2) design a new assay for YFV that was compatible with existing laboratory protocols for the detection of related pathogens. The clinical performance of the resulting DENV-YFV assay was compared with reference assays using clinical samples for DENV and mock samples for YFV, which were prepared with a diverse set of reference isolates.
The primers and probes included in the DENV-YFV assay and concentrations in the final reaction are shown in Table 1 . Primers and probes were initially evaluated and optimized in monoplex reactions for DENV and YFV using nucleic acids from viral isolates and synthesized oligonucleotides (Ultramer ssDNA; Integrated DNA Technologies, Coralville, IA,) that contained the consensus target sequence for each DENV serotype and YFV. Assays were then combined and optimized in multiplex with a published assay for RNase P detection. 12, 13 Additional methodological details are provided in Supplemental Text.
The DENV-YFV assay was performed using 5 μL of nucleic acid template in 25 μL-reactions of the SuperScript III Platinum One-Step qRT-PCR Kit (Thermo Fisher Scientific, Waltham, MA) on a Rotor-Gene Q instrument (Qiagen, Germantown, MD) using the following cycling conditions: 52°C for 15 minutes; 94°C for 2 minutes; and 45 cycles of 94°C for 15 seconds, 55°C for 40 seconds (signal acquired), and 68°C for 20 seconds. [12] [13] [14] For DENV and YFV, all samples with cycle threshold (C t ) values £ 38.5 and those with reproducible C t values > 38.5 were considered positive. For RNase P, samples that had C t values > 40 and negative results in the other channels were considered internal-control failures.
Analytical characterization was performed as previously described. [13] [14] [15] To replicate clinical samples during the analytical evaluation, pooled nucleic acid eluate from negative serum samples was added to the master mix (5 μL per reaction). The dynamic range and the lower limit of 95% detection (95% LLOD) were established using quantitated ssDNA. The dynamic range of the DENV-YFV assay extended from 2.0 to 8.0 log 10 copies/μL of eluate for each DENV serotype and YFV ( Figure 1A and B). The 95% LLOD for each target, calculated by probit analysis (SPSS software, IBM, Armonk, NY) and expressed in copies/μL of eluate, was the following: DENV-1, 17.6; DENV-2, 9.4; DENV-3, 3.8; DENV-4, 150.1; and YFV, 11.3.
In an evaluation of assay exclusivity, no amplification was observed in the DENV-YFV assay when tested using genomic RNA from the following arboviruses: To evaluate clinical performance for DENV, acute-phase serum samples from 48 confirmed dengue cases were tested side by side using the DENV-YFV assay and the pan-DENV assay, as previously described ( Table 2 ). 12 Samples had been collected as part of the Pediatric Dengue Cohort Study in Managua, Nicaragua. 16 Serotyping and quantitation were performed using a DENV multiplex assay 17 ; samples included infections with DENV-1 (N = 12), DENV-2 (12), and DENV-3 (24). The concentration of DENV RNA in these samples is shown in Table 2 . All samples were detected in both the DENV-YFV and pan-DENV assays. In addition, two isolates of DENV-4, strain H-241 (BEI resources and Zeptometrix), were tested and detected in both assays, with lower C t values in the DENV-YFV assay. Table 1 ). We selected nine isolates for additional testing ( Table 2 ). Six serial 10-fold dilutions were prepared for each isolate and tested side by side in the DENV-YFV assay and a comparator YFV rRT-PCR. 4 RNA concentration was calculated from a 4-point standard curve included on each DENV-YFV run. The lowest concentration dilutions were tested in duplicate. The DENV-YFV assay detected YFV RNA in 42/54 dilutions, compared with 41/54 in the comparator rRT-PCR. However, of the dilutions that tested positive in one or both assays, 62/65 replicates were detected in the DENV-YFV assay versus 54/65 in the comparator ( Table 2 ).
Yellow fever virus detection was evaluated using 19 YFV strains, including 17 viral isolates and two serum samples from acute human cases (Supplemental
In conclusion, we describe the development of an internally controlled, multiplex rRT-PCR for DENV and YFV. During the analytical evaluation, the DENV-YFV assay demonstrated sensitive and specific detection of both viruses, and the assay performed similarly to the original pan-DENV assay when evaluated using samples from confirmed acute dengue cases with DENV-1, DENV-2, and DENV-3. Dengue virus-4 was not prevalent in Nicaragua during the period of the study from which these samples were obtained. However, the DENV-4 H-241 strain was tested from two sources, and these samples yielded lower C t values in the DENV-YFV assay compared with the pan-DENV assay. A full clinical evaluation for DENV-4 is warranted, but these data suggest that the multiplex assay will perform similarly to the original pan-DENV assay.
Relative to a published comparator for YFV detection, 4 the DENV-YFV assay detected a similar number of mock sample dilutions prepared with a diverse set of viral isolates, and the DENV-YFV assay detected more replicates from those dilutions than the comparator. Similarities in performance between the DENV-YFV assay and comparator rRT-PCR are consistent with the designs of these tests, which both target the same region of the YFV genome. 4 For the present study, however, the comparator assay was modified to use 5 μL of eluate in each reaction rather than 2 μL as originally described. This was performed to standardize the eluate volumes used in each test.
The clinical performance of the YFV assay will need to be established using more samples from naturally infected patients, which requires implementation in endemic regions. The present study, however, provides a rigorous evaluation of the assay using mock samples prepared from virus isolated in South America, and West and Central Africa. These samples contained greater strain diversity than would occur in a given outbreak and demonstrate the generalizability of this test for use in different regions. Finally, although quantitated viral loads are rarely reported in YF cases, a broad range of viral loads are expected at the time of presentation, including low values such as that observed in the clinical sample SH 281788 (Supplemental Table 1 ). 9, 18 Increased YFV detection in mock samples with low viral loads using the DENV-YFV assay is, therefore, expected to be clinically significant.
Despite control efforts, the number of DENV cases worldwide has continued to increase. Yellow fever virus has also reemerged in certain areas, and recent estimates indicate that 43-52% of the population in YFV-endemic regions still require vaccination. 19 Endemic countries are urged to continue efforts aimed at the timely confirmation and treatment of YF cases. 5, 20 For these reasons, the DENV-YFV assay described here should be a useful tool to narrow the differential diagnosis and provide early case detection.
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